Thyroiditis and autoantibodies to thyroglobulin (TgAb) and thyroid peroxidase (TPOAb) and genes from NOD mice such as Satb1, which most likely plays a role in immune tolerance.
Thyroiditis and autoantibodies to thyroglobulin (TgAb) and thyroid peroxidase (TPOAb) develop spontaneously in NOD.H2 h4 mice, a phenotype enhanced by dietary iodine. NOD.H2 h4 mice were derived by introducing the major histocompatibility class (MHC) molecule I-A k from B10.A(4R) mice to nonobese diabetic (NOD) mice. Apart from I-A k , the genes responsible for the NOD.H2 h4 phenotype are unknown. Extending serendipitous observations from crossing BALB/c to NOD.H2 h4 mice, thyroid autoimmunity was investigated in both genders of the F1, F2, and the secondgeneration backcross of F1 to NOD.H2 h4 (N2). Medium-density linkage analysis was performed on thyroid autoimmunity traits in F2 and N2 progeny. TgAb develop before TPOAb and were measured after 8 and 16 weeks of iodide exposure; TPOAb and thyroiditis were studied at 16 weeks. TgAb, TPOAb, and thyroiditis, absent in BALB/c and F1 mice, developed in most NOD.H2 h4 and in more N2 than F2 progeny. No linkages were observed in F2 progeny, probably because of the small number of autoantibody-positive mice. In N2 progeny (equal numbers of males and females), a chromosome 17 locus is linked to thyroiditis and TgAb and is suggestively linked to TPOAb. This locus includes MHC region genes from B10.A(4R) mice (such as I-A k and Tnf, the latter involved in thyrocyte apoptosis)
and genes from NOD mice such as Satb1, which most likely plays a role in immune tolerance.
In conclusion, MHC and non-MHC genes, encoded within the chromosome 17 locus from both B10.A(4R) and NOD strains, are most likely responsible for the Hashimoto disease-like phenotype of NOD.H2 h4 mice. (Endocrinology 158: 702-713, 2017) T hyroiditis and autoantibodies to the autoantigens thyroglobulin (TgAb) and thyroid peroxidase (TPOAb) develop spontaneously in NOD.H2 h4 mice (1) (2) (3) (4) . The phenotype of this model of Hashimoto disease is enhanced by exposure to iodine in the drinking water. The NOD.H2 h4 strain was derived by crossing nonobese diabetic (NOD) mice with the nonautoimmune B10.A(4R) strain as part of a study that demonstrated the importance of the NOD major histocompatibility (MHC) genes in determining the incidence of autoimmune diabetes (5) .
Susceptibility to thyroiditis induced experimentally by immunization with mouse thyroglobulin (Tg) is associated with genes in the MHC region [for example (6) (7) (8) (9) ]. In particular, induced thyroiditis usually requires the MHC class II molecule I-A k , which is present in NOD.H2 h4 mice (10) . The Ceat1 locus, tightly linked to, but distinct from MHC, controlled chronic induced thyroiditis in NOD mice (11) . Thyroiditis develops spontaneously in transgenic mice expressing the CCL21 (C-C motif chemokine ligand 21) in the thyroid (12) and in NOD mice lacking the chemokine receptor CCR7 [chemokine (C-C motif) receptor 7] (13). Non-MHC genes associated with induced murine thyroiditis and TgAb include the susceptible Tg haplotype (14) and the absence of interleukin 10 (15).
A segregation analysis performed shortly after the NOD.H2
h4 strain was generated showed that susceptibility to thyroiditis was polygenic (10) (14) . Apart from I-A k , it is not known whether any other genes associated with murine thyroiditis contribute to the spontaneous/iodine-enhanced phenotype of NOD.H2 h4 mice. Recently, we performed a series of backcrosses to introduce a transgene for the thyrotropin receptor (TSHR) A-subunit from BALB/c mice to NOD.H2 h4 recipients (17) . As a control for antibodies to the transgene, we monitored TgAb and TPOAb in transgenic and nontransgenic progeny in each backcross generation. We observed that TgAb and TPOAb were absent in the first filial (F1) generation, but were present in some progeny from the F1 backcrossed to NOD.H2 h4 (N2 generation) (17) . The goal of the current study was to extend this finding to determine the genetic basis for the NOD.H2
h4 phenotype, namely the development of TgAb and TPOAb and thyroiditis.
Materials and Methods
Crossing NOD.H2 h4 and BALB/c mice NOD.H2 h4 (NOD.Cg_H2h4/DilTacUmmJ) and BALB/cJ mice (originally from The Jackson Laboratory, Bar Harbor, ME) were bred at Cedars-Sinai Medical Center. For genetic studies, the following crosses were made (Table 1) : (1) male BALB/c were crossed to female NOD.H2 h4 mice to generate F1 progeny; (2) F2 mice were derived by intercrossing male F1 to female F1 mice; and (3) N2 mice were generated by backcrossing F1 males to NOD.H2 h4 females. Some N2 mice were derived from F1 males bearing the human TSHR A-subunit transgene (Lo or Hi expressor) (18, 19) bred to nontransgenic NOD.H2 h4 females. We previously showed that the development of TgAb or TPOAb did not differ between NOD.H2 h4 mice with or without the transgene (17) .
From 8 weeks of age, F1, N2, and F2 progeny as well as parental strains (NOD.H2
h4 and BALB/c) received water supplemented with 0.05% sodium iodide (NaI). Blood was drawn after 8 weeks on NaI, and mice were euthanized after 16 weeks (aged 24 weeks) to harvest tails (for DNA analysis), blood, and thyroid tissue. All mouse studies were performed with the highest standards of care in accordance with the guidelines of the Institutional Animal Care and Use Committee at CedarsSinai Medical Center.
H2-E haplotype
DNA from ear punch tissue (used for identification) or tail clips (at euthanasia) was extracted using DNeasy (Qiagen, Valencia, CA). H2 haplotypes were determined by polymerase chain reaction using the following primer sequences: Ea5 (H2-k), and both bands (kd) for all F1 mice and for some F2 progeny. H2 haplotypes were confirmed by single-nucleotide polymorphism (SNP) genotype data detailed later.
TgAb
Tg was isolated from murine thyroid glands, as described (4). Enzyme-linked immunosorbent assay (ELISA) wells (Immulon 4HBX; Thermo Fisher Scientific, Rochester, NY) were coated with mouse Tg (1.5 mg/mL) and incubated with test sera (duplicate aliquots, 1:100 dilution). Antibody binding was detected with horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG; A3673; Sigma-Aldrich, St. Louis, MO) (Table 2) , the signal developed with o-phenylenediamine, and the reaction terminated using 20% H 2 SO 4 . The negative control was serum from 8-week-old NOD.H2 h4 mice; the positive control was serum from BALB/c mice immunized with mouse Tg and complete Freund's adjuvant (20) . TgAb values are presented as the optical density at 490 nm, normalized to the TgAb positive standard.
TPOAb
TPOAb were measured using Chinese hamster ovary (CHO) cells stably expressing mouse thyroid peroxidase (TPO) (4). Sera (1:50 dilution) were incubated with mouse TPO-CHO cells, and binding was detected with fluorescein isothyocyanate-conjugated affinity-purified goat anti-mouse IgG (M30101; Invitrogen, Carlsbad, CA) ( Table 2 ). Cells staining with propidium iodide (1 mg/mL) were excluded from the analysis. The negative control for IgG class antibody binding to mouse TPO-CHO cells was serum from 8-week-old NOD.H2 h4 mice. Positive controls were mouse monoclonal antibodies 15 and 64 generated to human TPO (21), provided to us by J. Ruf (INSERM-URA, Faculté de Médecine, Marseille, France), which recognize mouse TPO (4, 21) . Flow cytometry was performed (10,000 events) using a FACScanto II with CELLQUEST Software (BD Biosciences, San Jose, CA). Data are reported as the geometric mean.
Thyroid histology
Thyroid glands were preserved in zinc fixative (BD Pharmingen, San Diego, CA) and paraffin embedded, and serial sections were stained with hematoxylin and eosin (IDEXX 
Statistics
Significant differences between responses in different groups were determined by nonparametric tests (Mann-Whitney rank sum test or U statistic) or, when normally distributed, by Student t test. Multiple comparisons were made using analysis of variance. Tests were performed using SigmaStat (Jandel Scientific Software, San Rafael, CA).
Linkage analysis
The F2 linkage analysis excluded mice homozygous for the BALB/c MHC haplotype and involved 89 F2 mice (41 males, 48 females). Genomic DNA was isolated from the tails of these 89 F2 mice and from all of the 81 N2 mice (40 males, 41 females). SNP were determined using the Illumina mouse medium-density linkage panel by the Centre for Applied Genomics, Hospital for Sick Children (Ontario, Canada). The marker locations were determined using the National Center for Biotechnology Information build m37. As controls, both SNP screens included DNA from NOD.H2 h4 , BALB/cJ, and NOD.H2 h4 3 BALB/cJ F1 mice.
Following our previous approach (22), the logarithm of the odds (LOD) scores were obtained through a single quantitative trait locus model using the R/qtl package (23) for the R software (version 3.0.0). To increase SNP resolution, we applied the Haley-Knott algorithm (24) . For the N2 linkage analysis, LOD scores of 2.77 were significant for single-dimensional analysis according to permutation tests (n = 10,000, P = 0.05), and LOD scores of .1.51 were considered suggestive. A Pearson's C 2 for allele frequencies was applied, and SNP distributions that deviate from the Hardy-Weinberg equilibrium (P # 0.05) were removed. Two additional markers, D19Mit91 and D19Mit123, were added on chromosome 19 for the high-resolution map. For significant LOD scores on chromosome 17, estimation of the interval coordinates was obtained using a 95% Bayes interval test.
Some N2 mice expressed the transgene for the low-or the high-expressor human TSHR A-subunit (18) . The transgene locations were determined to be on chromosome 1 (22.9 to 39.3 Mb) for the low expressor and on chromosome 2 (127 to 147 Mb) for the high expressor (25) . The presence of the transgene did not bias the Hardy-Weinberg equilibrium, and no suggestive or significant LOD scores were observed in these genetic intervals.
Results
TgAb in parental strains, F1, F2, and N2 progeny NOD.H2 h4 , BALB/c, and progeny were exposed to NaI for 16 weeks. Because TgAb develop earlier than TPOAb (4), they were measured after 8 and 16 weeks. TgAb were detectable in the majority of NOD.H2 h4 mice, were absent in BALB/c and virtually all F1 pups, and developed in some F2 and N2 progeny [ Fig. 1(a) ]. Significantly more N2 than F2 offspring were TgAb positive (16 weeks) (x 2 test with Yates correction, P = 0.015). The levels of TgAb were not significantly different between males and females in any group. As expected, after exposure to NaI, TgAb levels increased over time [ Fig. 1(b) ]. Some N2 offspring were derived by crossing nontransgenic NOD.H2
h4 females with transgenic F1 males bearing the human TSHR A-subunit (Lo or Hi expressor) (18, 19) . Generation of TgAb and TPOAb developed similarly in nontransgenic and transgenic N2 offspring (Supplemental Fig. 1 ), consistent with our previous observations (17) .
The relationship was determined for TgAb (16 weeks on NaI) and the MHC haplotype (kk in NOD.H2 h4 versus dd in BALB/c). TgAb were undetectable in all F2 pups homozygous for the BALB/c MHC haplotype (dd) (Fig. 2, left panel) ; for this reason, F2 linkage analysis was performed on progeny homozygous or heterozygous for the NOD.H2
h4 MHC haplotype. With a few exceptions, TgAb were present only in N2 mice homozygous (kk) for the NOD.H2 h4 haplotype (Fig. 2, right panel) .
TPOAb and thyroiditis in parental strains, F1, F2, and N2 progeny TPOAb (measured at 16 weeks) were present in NOD. H2 h4 males and females, were absent in BALB/c and F1 mice, and were detectable in some F2 and N2 mice [ Fig. 3(a) ]. Unlike the lack of gender differences for TgAb, TPOAb levels were significantly higher in female than male F2 and N2 mice [ Fig. 3(a) ]. Similar numbers of male and female F2 and N2 mice were included in the linkage analyses. Thyroiditis developed in NOD.H2 h4 males and females, was absent in BALB/c mice, and developed in some male and female N2 progeny [ Fig. 3(b) ]. The degree of thyroiditis was not significantly different in males and females. Thyroiditis was not studied in F2 offspring.
Linkage analysis
For linkage analysis, LOD scores of 1.51 are suggestive and scores of 2.77 are significant for singledimensional analysis according to permutation tests (n = 10,000, P = 0.05). The analysis performed for TgAb and TPOAb in F2 progeny showed no suggestive or significant linkages. In contrast, the following linkages were observed for N2 mice:
(1) Loci on chromosomes 12 and 17 are suggestively (LOD .1.51) linked to TgAb after 8 weeks on NaI (Fig. 4) . (2) After 16 weeks on NaI, the chromosome 17 locus is highly significantly linked to TgAb (LOD score . 5.0) and a locus on chromosome 19 is suggestively linked to this trait (Fig. 5) . (3) The same loci linked to TgAb on chromosomes 17 and 19 are suggestively linked to TPOAb (16 weeks) (Fig. 6) . (4) Thyroiditis is a complex trait most likely involving multiple mechanisms. The locus on chromosome 17 linked to three other traits (TgAb 8 weeks, TgAb 16 weeks, and TPOAb) is also significantly linked to thyroiditis. In addition, loci on chromosomes 1, 3, and 19 are suggestively linked to thyroiditis (Fig. 7) .
It should be emphasized that transgenic and nontransgenic N2 mice have a similar phenotype (Supplemental Fig. 1 ). Removing the N2 transgenic mice from the linkage analysis does not alter the results. However, because the linkage is performed on fewer mice, the statistical power is reduced and the linkage would only reach the suggestive threshold. haplotype at these loci have significantly reduced thyroid autoantibody levels and thyroiditis compared with mice homozygous for the NOD.H2 h4 haplotype. Together, the linkage analysis and the distribution of mice based on their haplotypes indicate that NOD.H2
h4 alleles are not dominant in their contribution to thyroid autoantibodies or thyroiditis. Based on the Haley-Knott algorithm (24), a locus on chromosome 19 is suggestively linked to three traits, namely TgAb, TPOAb, and thyroiditis (all at 16 weeks). Determining the allelic distribution at two additional genetic markers, D19Mit91 and D19Mit123, did not confirm linkage to these traits. Consequently, finer genetic mapping on a larger cohort of mice would be required to confirm linkage of this chromosome 19 locus to thyroid autoantibody traits.
Genes of potential interest on chromosomes 19 and 17
Apoptosis of thyrocytes exposed to NaI is enhanced in NOD.H2
h4 versus CBA/J mice (26) . In this context, Fas is of interest as one of the genes involved in cell death by apoptosis [reviewed in (27) MHC class I (K, O, D1-Q; H2-T, H2-L, and -M) and class II (Dm, H2-Ab1, Aa, Eb1, Eb2, and Ea), complement (C), lymphotoxin (Ltn), and tumor necrosis factor (Tnf). One of the two apoptosis-related genes upregulated in NOD.H2
h4 versus CBA/ J thyrocytes exposed to iodide is Tnf (26) . In addition, the genome organizer Satb1 (special AT-rich sequencebinding protein) (28) , which is involved in establishing immune tolerance, is included within the linked interval (51.9 Mb).
The position of the MHC locus on chromosome 17 is highlighted within the Bayes confidence interval in Figs. 5 and 7. Genes in the chromosome 17 locus are derived from the B10.A(4R) donor of the MHC region as well as from the NOD parental strain (16) (Supplemental Fig. 2 ).
Discussion
Building on serendipitous findings arising from transferring a transgene from BALB/c mice to the NOD.H2 h4 strain (17), we crossed NOD.H2
h4 and BALB/c mice to generate F2 and N2 progeny for the purpose of investigating the genetic basis for thyroid autoimmunity by linkage analysis. TgAb, TPOAb, and thyroiditis, which were absent in BALB/c and F1 mice, developed in most mice of the parental strain NOD.H2 h4 and in significantly more N2 than F2 progeny. TgAb develop earlier than TPOAb (4), and the levels were higher in mice after 16 than 8 weeks on water supplemented with NaI. The N2 mice included offspring derived from F1 males bearing the human TSHR A-subunit transgene (18, 19) . TgAb and TPOAb development was comparable in transgenic and nontrangenic N2 offspring. No F2 offspring homozygous for the BALB/c MHC haplotype were TgAb positive, and virtually all mice that develop TgAb are homozygous for the NOD. H2 h4 haplotype. This finding confirms the critical role of I-A k in generating thyroid autoantibodies. Analysis of TgAb and TPOAb in F2 offspring did not reveal linkage, probably because of the small number of thyroid autoantibody-positive progeny. In contrast, in N2 progeny, we observed suggestive linkage of a locus on chromosome 19 to TgAb, TPOAb, and thyroiditis. More importantly, a locus spanning a broad region on chromosome 17, including MHC genes, is suggestively linked to TPOAb and is significantly linked to TgAb and thyroiditis. Our major observation, namely chromosome 17 linkage to thyroid autoimmunity traits in NOD.H2 h4 and BALB/c are kk and dd, respectively. In parentheses, the number of mice positive for TgAb vs the total number of mice. TgAb levels significantly higher for mice of kk than dd for F2: *analysis of variance, P , 0.05. The shaded area represents the mean 62 standard deviations for values in BALB/c mice. OD, optical density.
"genetic interaction between I-region and D-end gene products in the response to a self-antigen, MTg" (7). Moreover, our recent deduction that development of TPOAb in NOD.H2 h4 mice is most likely due to the absence of I-E expression (16) is consistent with suggestive MHC linkage to TPOAb. Kolypetri et al. (29) commented that "unknown genes within, or tightly linked to, the H-2 region [the H2h4 haplotype is derived from B10.A(4R) mice] may contribute to susceptibility" to spontaneous autoimmune thyroiditis.
As is well known, the role of MHC in autoimmunity lies in the ability of the MHC class II-binding pocket to accommodate T cell epitopes of particular autoantigens [for example (30, 31) ] and thereby provide help to autoreactive B cells to generate autoantibodies. In humans, recombinant HLA-DR3 was used to dissect the interaction between the HLA-binding pocket and immunogenic peptides of human Tg (32) . A number of I-A krestricted Tg peptides are recognized by T cells in mice immunized with mouse Tg, one of which has recently been shown to be recognized by splenocytes from NOD.H2 h4 mice (33). Consequently, a major contribution by the chromosome 17 locus linked to thyroid autoimmunity in NOD.H2 h4 mice is likely to involve the genes encoding I-A k . However, two points should be emphasized, as follows: first, the presence of I-A k alone is insufficient to permit the development of thyroid autoimmunity, as exemplified by B10.A(4R) mice that lack the thyroid autoimmune phenotype (10); second, this locus also includes Tnf, which is one of only two genes shown by Kolypetri and Carayanniotis (26) to be upregulated in apoptosis of NOD.H2
h4 thyrocytes exposed to iodide. Consequently, the adjacent larger portion on chromosome 17, from 44.8 to 75.96 Mb, is derived from the NOD parent. It should be emphasized ;3 SNPs per 5 Mb are evenly distributed across all chromosomes in the Illumina Medium Density Linkage panel used for linkage analysis. The NOD-derived portion contains fewer immune-associated genes than the MHCassociated region from the B10.A(4R) strain. However, this region includes the genome organizer Satb1 (special AT-rich sequence-binding protein) (28), which is involved in establishing immune tolerance. Consequently, our data clearly point to the pivotal role of genes in the region from the nonautoimmuneprone B10.A(4R) strain (including but not restricted to genes responsible for I-A k ) and genes (such as Satb1) on chromosome 17 from the autoimmuneprone NOD parent in the development of thyroid autoimmunity in NOD.H2 h4 mice. Which chromosomes or genes (other than MHC) that we might have expected to be involved in the 
NOD.H2
h4 thyroid autoimmunity phenotype were not revealed by our linkage studies? First, we obtained no evidence to support a role for the extra DNA carried over to NOD.H2 h4 mice from B10.A(4R) mice (chromosomes 7 and 15; amounting to 88.6 megabase) (16) in the development of thyroid autoantibodies or thyroiditis. Second, we found no evidence of a role for any of the non-MHC genes associated with thyroiditis in humans [reviewed in (35) ]. Third, linkage analysis did not reveal genes responsible for spontaneous thyroiditis as occurs with intrathyroidal expression of the CC chemokine ligand 21 (12) or the absence of CC chemokine receptor 7 (13); nor was there linkage with interleukin 10, which influences experimentally induced thyroiditis (15) . In contrast, the absence of linkage with chromosome 10 (on which the gene for Tg is located) is consistent with our previous demonstration that NOD.H2 h4 mice do not have the Tg haplotype associated with susceptibility to induced thyroiditis in some mouse strains (14) . It should be emphasized that our data do not preclude contributions from other genes because, as for all linkage studies, this approach reveals the role of major genetic variants from two different strains, namely NOD.H2 h4 and BALB/c, in determining the phenotype.
In conclusion, a locus on chromosome 17 is linked to the development of TgAb, TPOAb, and thyroiditis in the NOD.H2 h4 strain. Importantly, the presence of chromosome 17 genes derived from both the B10.A(4R) strain (MHC genes) and the NOD parent (possibly including Satb1) appears to be responsible for the Hashimoto disease-like phenotype of NOD.H2 h4 mice. 
